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Introduction: Many of the small to medium sized
objects in the solar system can be characterized as hav-
ing surface bounded exospheres, or atmospheres so
tenuous that scale lengths for inter-particle collisions
are much larger than the dimensions of the objects.
The atmospheres of these objects are the product of
their surfaces, both the surface composition and the
interactions that occur on them and also their interiors
when gases escape from there. Thus by studying sur-
face bounded exospheres it is possible to develop in-
sight into the composition and processes that are tak-
ing place on the surface and interiors of these objects.
The Moon and Mercury are two examples of planetary
bodies with surface bounded exospheres that have
been studied through spectroscopic observations of
sodium, potassium, and, on the moon, mass spectro-
metric measurements of lunar gases such as argon and
helium.

The creation of these ions and the action of accel-
eration in the solar wind derived motional electric field
(pickup ions) provides a highly sensitive method for
studying these exospheric objects, both their surfaces
and atmospheres through ion mass spectrometry. Be-
cause of the extreme sensitivity of ion mass spectrome-
try and the fact that the acceleration separates the ion
population from background thermal ions, it is possi-
ble to characterize exospheric atmospheres to a level
that cannot be achieved by other commonly used
methods. For example we anticipate that measure-
ments of the lunar atmosphere from an orbiting space-
craft will dramatically lower the threshold concentra-

tion by which water in the atmosphere can be detected.

We will discuss here how this measurement can be
made, what sensitivity is required, how to relate the
observation of atmospheric ions to the source of these
ions and how an elemental map of the surface can be
constructed using these data. Here we concentrate on
the Earth's moon since it is largely unmagnetized re-
sulting in relatively simple trajectories for the ions
found there. Also, it is accessible, well studied, and
finally, because the Moon is a focus of a renewed ex-
ploration initiative to the Moon and Mars. A pickup
ion instrument on a spacecraft with a low lunar orbit
will be capable of measurements of both the lunar at-
mosphere and surface.

The lunar atmosphere is constantly undergoing loss
through Jeans escape (esp. H, He), radiation pressure
(Na, K), and ionization followed by pickup by the
passing solar wind. The latter is most important for
atoms heavier than helium and provides the key to-
ward a sensitive measurement of the lunar atmosphere.
Ions created at or near the surface experience an accel-
eration due to the motional electric field derived from
the streaming solar wind and the imbedded interplane-
tary magnetic field. This acceleration will deliver ions
to an orbiting spacecraft where an ion mass spectro-
meter'"! can characterize the ion flux. With knowledge
of the ion direction, energy and the local magnetic and
electric fields measured either on the spacecraft or by
upstream monitors, it will be possible to map the meas-
ured ion back to the source, and for sputtered ions,
develop a map of the composition of the lunar surface.
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Figure 1 Mass 16 ion trajectories for typical values of the field parameters. The upper dashed arc represents a
100 km circular spacecraft orbit. Solid lines represent trajectories of atmospheric photoions and sputtered sur-
face ions. Note crossing of trajectories from sputtered and exospheric ions.
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Laboratory measurements of secondary ions sputtered
from lunar simulants'” indicate that ion fluxes from 10
to 10* cm™ s will be observed. Sputtered species
above the 100 cm™ s level include potassium, so-
dium, calcium, magnesium, manganese, aluminum,
titanium, chromium, iron, and silicon. This yield is
sufficient to develop detailed maps of elemental abun-
dances of the lunar surface with a lunar orbital mission
in under one year. Because the pickup ions are accel-
erated in the motional electric field from a relatively
low temperature and spatially narrow source they will
arrive at an orbiting spacecraft with a beamlike distri-
bution function. Under most observational conditions
there will be limited a priori knowledge of the beam
direction at the spacecraft. Thus an instrument with a
wide field a view will be required.

Ion Trajectories: We confine ourselves to the sim-
ple physical picture where ions injected more than a
few Debye lengths above the surface travel cyclodial
paths defined by the crossed interplanetary magnetic
field and the motional electric field.

The motional electric field in the solar wind E can
be determined from the velocity of the solar wind, V,
and the magnetic field, B, which will be measured by
other instruments on the spacecraft or obtained by up-
stream monitors; E = -VBsing, where ¢ is the angle
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Figure 2 Schematic design of a highly sensitive
ion mass spectrometer. This sensor, based on
previous pickup ion instruments, is optimized for
measurements of surface-bounded exospheric
atmosnheres.
between the velocity and magnetic field vectors. On
average, V and B are in the ecliptic plane so that E
points north or south.
Ideally the instrument will be on a spacecraft with
near circular polar orbit of around 50 to 100 km alti-

tude. Thus, an ion coming from near the polar surface
to the spacecraft will have an energy of about 150 eV,
very large with respect to sputtered ion energies and
the few volts the surface layer electric field will im-
part® on the dayside surface. Consequently, most
sputtered ions are born with effectively zero velocity,
which is also true for those ions born from the exo-
sphere. Thus, to a good approximation, all ions will
move in cycloidal orbits in a plane perpendicular to B
that is also perpendicular to the V - B plane. The cusps
of a cycloidal trajectory are the ion source points
(where the particle velocity vanishes). The drift veloc-
ity, ExB/B?, is always away from the Sun.

Examples of pickup trajectories for 16-amu ions
are shown in Figure 1, where the typical field parame-
ters above have been used. For simplicity, the orbital
planes of the spacecraft and the ion trajectory are the
same. Two ion classes are shown; i.e., those sputtered
from the surface and those born in the exosphere.

Instrument Characteristics: Because of ion ac-
celeration by the motional electric field, ions will ar-
rive at the spacecraft with a narrow angular spread and
an energy distribution characterized by the voltage
drop from the source and the location of the spacecraft.
For atmospheric photoions, we should observe a broad
distribution of ion energies since all elevations below
the spacecraft will be accessible for a nadir viewing
instrument. The population of ions ejected from the
surface will exhibit a sharp energy distribution which
should serve to distinguish them from atmospheric
photoions. The instrument (Figure 2) will require a
wide field of view to maximize the probability of con-
taining the ion beam. Based on measurements of ion
sputtering of lunar soil simulants'®!, a geometric factor
of 10* cm?® str eV/eV will assure counting rates
greater than 1 Hz for Fe, K, Si, Na, Mg, Al and Ca for
ions ejected from the surface and over time provide a
map of the lunar surface as well as determine the at-
mospheric composition well beyond present knowl-
edge.
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